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PENNING IONIZATION STUDIES IN A FLOWING HELIUM AFTERGLOW 

Richard S, Keiffer 

ABSTRACT 

Penning Ionization reactions in a flowing helium afterglow are 

studied through measurements of. the ej ected electron energy 

distributions, P(e), and through spin angular momentum conservation 

measurements. Measurements of electron energy distributions from the 

Penning Ionization of Ar, N^O, COj by He(2’S) metastable atoms compare 

quite well with known energy distributions. In addition, the Penning 

electron energy distribution of Rb is reported for the first time. Spin 

dependencies of the Penning process are studied by spin orienting the 

He(2’S) metastable atoms prior to their collision with the reactant 

species. Measurements of the polarization of the electrons ejected in 

the Penning process provide a means of discerning the relative strengths 

of spin conserving and spin erasing entrance channels. The degree of 

spin conservation measured in the Penning Ionization of Clj and O2 (55% 

and 30%) agree qualitatively with predictions made from P(e) 

measurements of and 02* 
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I. INTRODUCTION 
1 

Reactions typified by: 

A*+B —> Af B++e ( 8 ) (1) 

where A* is a metastable atom whose excitation energy is greater than 

the lowest ionization potential of particle B, were first proposed by 

F.M. Penning in 1927* as a competing source of ionization in a gas 

discharge. Hither to, it was believed that, at thermal energies, 

ionization in a gas discharge was due to electron collisions alone. 

This reaction, now known as Penning Ionization (P.I.), remained poorly 

understood for quite some time. Only recently has good agreement 

between theory and experiment been obtained. This agreement, however, 

is at present still limited to a small number of collision partners. 

A great deal of information about Penning Ionization has been 

obtained by measuring P(e), the energy distribution of electrons ejected 

in the ionization process. The first measurements of P(s) were made by 

2 
Cermak in 1966. With an energy resolution on the order of 0.5 eV FWHM, 

only general information about the different ionic states populated in 

Penning Ionization could be obtained. Contemporary efforts, notably 

those of A. Niehaus , H. Hotop*, and H. Morgner et. al., make use of 

energy analyzers with resolutions on the order of 30-60 mev FWHM. With 

this resolution, it is possible to examine in detail the structure of 

the ionic states formed. Analysis of this data has lead to accurate 

estimates of: 

1) The potential well depth of the quasimolecule or reaction 
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complex formed in the collision of the metastable atom with 

particle B. That is, a measure of the strength of the interaction 

between the metastable atom and the target species can be made. 

2) The classical turning point for central collisions on this 

potential if certain ab initio information is available. If not, a 

measure, of the attraction of the ionized system can be made. 

3) The ratio of normal Penning Ionization to Associative Penning 

Ionization (A.P.I.) where the reaction: 

A*+B —-> A+B++e(e) (2) 

\ 

is normal Penning Ionization. And the reaction: 

A*+B —> AB++e(s) (3) 

is Associative Ionization. 

For simplicity, both reactions will be referred to as Penning 

Ionization. 

The model used to describe P.I. is a potential curve model typified 

by figure 1. The potential curves associated with the entrance and exit 

channels are labelled 1,2. Since ionization is a rapid process, the 

ejection of the electrons corresponds to a vertical Frank-Condon type 

transition ^ from the upper state (curve 1), the discrete electronic 

state of the quasimolecule, to the lower state (curve 2), the electronic 
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Fig. 1 

Potential curve model showing ionization as a vertical 

transition from curve (.1), the discrete electronic state 

of the quasimolecule, to curve (2), the electronic 

continuum of the collisional system. 
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continuum of the ionized state» This simple model works very well for 

many target species and has recently been placed on solid quantum 

7 8 
mechanical grounds» * However» experimental measurements and their 

theoretical interpertations are much more complex if the target species 

is a molecule» 

There has been no general extension of P.I» theory to the case of 

o 
molecular targets»7 The electron energy distribution» P(e)» will reflect 

the dependence of the ionization process on the orientation of the 

molecular target with respect to the metastable-target axis» In 

addition» vibrational and rotational states of the molecular ion may be 

populated» leading to a broad range of ejected electron energies» Other 

processes such as: Dissociative Ionization 

A*+XY —> A + X + Y++ e(e) (4) 

and Rearrangement Ionization» 

A* + XY —> AX + Y++ e(e) (5) 

will broaden the electron energy distribution* Molecular and ionic 

targets are difficult to treat theoretically if the adiabatic potential 

curves defined by the quasimolecule and the ionized system are not well 

isolated» That is» if there are other adiabatic potential curves close 

in total energy to these potential curves» then as a result of the 

finite relative velocity between collision partners» diabatic 

transitions between adiabatic potential curves may occur at 9 avoided 
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crossings*. For example, a near resonance between the excitation energy 

of the metastable atom and an autoionizing state of the target species 

can lead to excitation transfer: 

A*+B —> À+B** (6) 

B** —> B++e(e) . (7) 

The process is similar for molecular targets having an autoionizing 

state nearly resonant with the excitation energy of the metastable atom, 

but may also result in the dissociation of the molecular target. In 

either case, the measured electron energy distribution will include 

contributions from autoionizing states. There is also the possibility 

of transitions from entrance channels that are covalent in nature to 

entrance channels that are ionic in nature,This has been observed 

in collisions with targets that form stable negative ions. 

Given the large number of possible competing processes, it is not 

always possible, even with very high resolution electron energy 

measurements, to identify the separate contributions of each process to 

the ejected electron spectrum. However, additional information 

concerning the dynamics of the Penning process can be obtained by spin 

labelling the electrons in the metastable atom and measuring the 

polarization of the ejected electrons. Since certain processes are 

expected to be spin conserving the others not, the degree of spin 

conservation in the collision will reflect the relative strengths of 

spin conserving and spin erasing entrance channels. In the present 



6 

work, the spin dependence of Penning Ionization reactions involving spin 

oriented He(2*S) metastable atoms are investigated. These measurements 

were made using an existing flowing helium afterglow technique** to be 

described in the next section. Briefly, metastable helium (2*S) atoms 

were produced in the flowing helium afterglow and spin polarized via 

optical pumping prior to collision with an injected target gas. The 

electrons ejected in the subsequent ionization process are extracted and 

their spin polarization determined by a Mott scattering polarimeter. In 

order to apply this existing ability to the analysis of the spin 

dependence of the Penning process, the ability to extract Penning 

electrons from the flowing afterglow without distorting their 

characteristic energies first had to be demonstrated. That is, the 

ability to measure P(8> had to be developed. 
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II. APPARATUS AND EXPERIMENTAL TECHNIQUE 

A* Introduction 

There are three major parts of the experimental apparatus: 

1) A flowing helium afterglow in which He(2’S) metastable atoms are 

produced and subsequently react with an injected target species. The 

He(2*S) metastable atoms are spin polarized by optical pumping prior to 

its interaction with the target species* 

2) An electron extraction system and energy analyzer used in 

measuring the energy distribution of electrons liberated in the 

ionization of the reactant species. 

3) An fin line1 Mott scattering polarization analyzer for 

monitoring the spin polarization of the extracted electrons. 

B. Optically Pumped Flowing Helium Afterglow. 

1. Background 

Figure 2 shows a schematic drawing of the present apparatus. High 

purity helium (T^300K) is introduced into a 10 cm diameter pyrex 

flowtube through a 1/2 inch pyrex tube which is exhausted by a 500 

torr-liter/sec Roots blower. Typical pressures of 70-190 microns are 
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maintained in the flow tube* corresponding to flow rates of 35-95 

torr.liter/sec. The helium flow is regulated by a needle value and 

monitored on a ball flowmeter. Flow velocities of the buffer gas in the 

flowtube are fairly constant over the entire range of buffer gas flow 

rates employed and are on the order of 1.0x10^ cm/sec. He(2*S, ) 

metastables are produced when the He gas is introduced to the flowtube 

through a microwave discharge or by use of a low energy electron gun. 

Ions and electrons diffuse rapidly to the walls and short lived states 

decay in the first few centimeters from the discharge leaving only 

He(2*S() metastables and ground state helium atoms in the optical 

pumping region. He(21So) metastable production is not appreciable. 

Optical pumping of the 116(2*$!) metastables occurs prior to the addition 

of the reactant species into the buffer gas flow through a perforated 

ring injector or. in the case of the alkalies, from an oven. The ring 

injector can traverse the length of the flow tube allowing reactant 

exposure to different metastable densities. 

2. Metastable Production 

The metastable states of helium. 2*-So and 2*St » are ideally suited 

for Penning Ionization studies. Their respective excitation energies. 

21.6 ev and 19.8 ev are enough to ionize all atomic species except neon 

and different enough to lead to well resolved electron energy 

distributions. For both states, electric dipole transitions are 

forbidden. The 2*S state is doubly metastable because not only is a 

transition to the lXSo state forbidden by parity considerations, it also 
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requires a spin flip in violation of the selection rnle AS = 0. The 

2*So state cannot decay to the lxSo because J=0 —/—> J=0. Corney 

suggests that the decay of the 2*S, state into the ground state most 

likely occurs by a magnetic dipole transition, vhile the decay of the 

2xSo state probably occurs by a two photon transition. Their respective 

A 4 9 
radiative lifetimes are approximately 10* seconds and 1/7 of a second* 

Metastable production in tbe microwave discharge or using the 

electron gun results from electron impact excitation of the ground state 

helium atoms* Because the 2*St state is the ground state of the triplet 

series» all triplets decay radiatively to the 2*St state* All singlets 

decay to either a n*P state which can then decay directly into the 

ground state by electric dipole transitions» or to the metastable 2*So 

state (See Figure 3)* 

As noted earlier» helium atoms entering the flowing afterglow may 

be excited to metastable levels using a CW microwave discharge inside a 

resonant cavity* The electron gun produces metastables in the flowtube 

itself* Electrons from a heated filament are accelerated to 

approximately 50 ev by a potential applied to a 90 transparent 

acceleration grid located downstream from the filament* Subsequent 

electron collisions with the helium buffer gas result in a visible 

discharge that extends from the filament to the accelerating grid 

(s£ 5 cm)* A schematic of the electron gun is. presented in Figure 4* 

Also presented is a plot of the fractional absorption of 1.08JI 

(2*S-2’P) resonance radiation in passage through the flow tube (which is 

directly related to the 2’S metastable density) and the emission current 

in the electron gun as a function of the voltage applied to the 
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accelerating grid. From these data, it is clear that use of potentials 

greater than 50v does not lead to increased metastable production. 

Measurements of Penning ionization electron energy distributions 

and spin conservation studies were undertaken using the microwave 

discharge source. This preference is due to the simplicity of operation 

of the microwave discharge source and its lower singlet to triplet 

production ratio. This latter quality is probably due to the fact that 

the free electron density in the electron gun discharge is lower than in 

the microwave discharge. Thus the conversion of singlets to triplets by 

the exchange reaction: 

e"*+He(2lSo) —> He(2*S, )+e" (8) 

14 
is much less efficient. The electron gun. however, proved to be the 

superior source for use in diagnostics because its position in the 

flowtube can be changed and its discharge pulsed on and off. Although 

the ions and electrons are also produced by these sources, source 

electrons and ions do not survive passage down the flowtube to the 

optical pumping region as they quickly diffuse to the walls by ambipolar 

diffusion.*^ 

3. Optical Pumping 

Spin orientation of the He(2*Sx) metastable atoms is accomplished 

by optical pumping, preferentially populating either the m,(m ) * +1 or 
J * 

-1. Resonance radiation, 1.08p (2*S - 2*P), produced by a 200-watt 
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flowing helium discharge lamp, is left or right hand circularly 

polarized and directed perpendicular to the flowtuhe axis. A large set 

of magnetic field coils null the earth's magnetic field in the optical 

pumping region and superimposes a 1 gauss field parallel to the 

quantization axis defined by the propagation direction of the incident 

radiation. Absorption of right (left) hand circularly polarized 

radiation (see Fig. 5) imposes the selection rule Am^ = +1(-1). The 

resultant 2*P state can decay bach to the 2*S state subject to the 

selection rule Am^ ■= +1,0,—1. Thus, after many such cycles of 

excitation followed by decay, the m^ m +l(-l) magnetic sublevel is 

preferentially populated at the expense of the m^ * 0,-l(+l) sublevels. 

To facilitate optical pumping, the flowing afterglow is constructed with 

a section that has flat pyrex windows. 

4. Flow Characteristics in the Flowing He Afterglow 

Buffer gas flow characteristics in the flow tube are essentially 

determined by the Knudsen number (En). This is the ratio of the mean 

free path of the buffer gas in the flowtube to the diameter of the 

flowtube. If En>l, collisions with the walls of the flowtube are much 

more frequent than collisions with other atoms. Molecular flow 

dominates in this case. In the case En<.01, viscous flow dominates as 

collisions with other atoms occur much more frequently than collisions 

with the walls of the flowtube. For .01<Kn<l, mixed flow conditions are 

present and the analysis of the flow is much more difficult. In the 

flowing afterglow, at .1 torr flowtube pressure, the mean free path 
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(T=293K) of helium is X « 1.07 x 10-1cm so Kn = 1.07 x 10_1 cm/10 cm 

% 0.011. Thus, the flow is nearly viscous implying the flow should be 

laminar with a few percent? slip flow at the walls due to molecular 

flow. The result^ is a parabolic flow velocity profile given by: 

V(r)«=2Vo[l-(r/a)*] (9) 

where Vo is the average flow velocity. 

v Qb(Atm cm») 760(torr/atm) T(°K) /,n^ 
na*(cm>) P(torr) 237.16 K* 

At a flow rate of Qb ■= 72 torr. liters/sec, which corresponds to a 

flowtube pressure of 0.11 torr. the average flow velocity is: 

Vo=6.96x10^ cm/sec . (11) 

The parabolic flow velocity will be established in a characteristic 

distance*** given by: d m 0.227 aR where a is the radius of the flowtube 

and R is the Reynolds number for the system. At a flowtube pressure of 

19 0.1 torr and a temperature T * 30QK, the Reynolds number for this 

system is: 

R: oVol_(1.656x10 
H 

e/cm») (6.96xl0*cm/secH0.107 cm) 
0.0198 centipose 

(12) 

Thus the parabolic flow velocity profile should be developed in 

approximately 8 cm* 
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The flow velocity in the flowtnbe was measured for flow tube 

presnres of 0.10 to 0.19 torr and the data are summarized in Table 1. 

The uncertainties quoted are the standard deviations. Briefly', the 

procedure for making these measurements is as follows. The electron gun 

metastable source was pulsed on and off at approximately 100 Hz. The 

absorption of 1.08|i (2*S - 2*P) resonance radiation was measured by a 

PbS detector at some known distance (D in Fig. 4) downstream of the 

discharge. By observing the 100 Hz square wave signal used to pulse the 

discharge on and off and the signal from the PbS detector on a dual 

trace oscilloscope (See Fig. 6), the time it takes for metastables to 

travel from the discharge to the detector can be measured directly. 

Letting At equal the time it takes for the fastest metastables to travel 

the distance from the electron gun filament to the PbS detector, the 

velocity of the metastables constituting the leading edge of the 

parabolic flow velocity profile can be calculated. Recall that: 

V(r)=2Vo[l-(r/a)*J . (13) 

In this case r=0 so Vo ■ V(r=0)/2. At 0.11 torr V(r=0) * 1.43 x 

10^ cm/sec so the average flow velocity is: 

Vo « 6.96 x 103 cm/sec (14) 

which lends credence to the assumptions made about flow characteristics 

in the flowtube 
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Table 1 

Flow Velocities for Various Flowtube Pressures 

Pressure (torr) 

.10 

.11 

.12 

.13 

.14 

.15 

.16 

.17 

.18 

.19 

Velocity (xlO^ cm/sec ) 

1.41 .3 
1.41.3 
1.4 i .2 
1.4 t.l 
1.4 t .1 
1.3 t.l 
1.2 t.l 
1.2 ♦ .1 
1.2 t.l 
1.2 £.1 

Fig. 6 
The flow velocity measurement is made by comparing the 
square wave driving the discharge on and off with the 
fractional absorption signal from the PbS detector 
which is located a known distance downstream of the discharge 
discharge 
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The technique of measuring the fractional absorption of resonance 

radiation vas also employed to measure the variation of the He(2*S) 

14 
density as a function of distance from the metastable source. Keliher 

has calculated a relationship between the density of He(2*S) metastable 

atoms and the fractional absorption of (2*S - 2*P) resonance radiation. 

Estimations ,of absolute metastable densities by this method are reliable 

18 
to within a factor of 3. Shown in Fig. 7 are the data from this 

measurement. Note that the He(2*S) metastable density decreases 

exponentially with increasing source to detector distance. The 

characteristic 1/e decay lengths are also cited in Fig. 7. 

5. Characterization of the Reaction Region 

At the point in the flowtube where a reactant species is injected 

into the buffer gas flow, the Penning Ionization reaction is the 

predominant He(2*S) metastable destruction mechanism. Gaseous targets 

are introduced into the flowtube through a stainless steel perforated 

ring injector which gives an approximately planar initial distribution 

of the reactant in the flow tube. In an attempt to characterize the 

reaction region in the flowtube, the He(2*S) density was measured as a 

function of the source to detector distance with and without the 

injection of a gaseous target species into the flowtube. Show in Fig. 8 

are the data from this measurement. The change in the density of the 

He(2>S) metastable atom upon the introduction of CO^ indicates that 

C02 bachstreams in the flowtube. This behavior is expected of other 

reactants injected into the flowtube through the ring injector. 
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The length of the reaction region was also measured by monitoring 

the fractional absorption of resonance radiation for various source to 

detector distances with a fixed distance between the source and the ring 

injector* In this manner» the effective distance that the gaseous 

reactant back diffuses can be measured* The results of this measurement 

at 0*10 and 0*12 torr are given in Fig* 9. For one set of data points a 

0.5 cm slit was placed over the PbS detector to ensure that the measured 

decay length in the reaction region was not an effect related to the 

size of, the PbS detector* For typical flowtubé operating pressures» the 

reaction region extends 6-8 cm upstream of the ring injector position* 
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1. Electron Extraction 

The rate of metastahle destruction in the reaction region is such 

that the reaction region is very localized. In order to successfully 

measure the energy of ejected electrons, electrons must be extracted 

from the reaction region without changing the electron's energy. The 

electron extraction system must also provide the energy analyzer with a 

useable electron beam. The present extraction system, shown in Fig. 10. 

consists of a brass wedged-shaped nose cone which protrudes into the 

flowtube of the flowtube-middle chamber, interface (See Fig. 2) and an 

extraction anode located behind the brass nose cone. As the Reynolds 

number for the flowtube is small G?7). the protrudence of the nose cone 

into the flowtube is not expected to cause turbulence in the buffer gas 

flow. Centrally located on the brass nose is a 2mm gridded (50 lpi) 

extraction aperture. By biasing the extraction anode positive with 

respect to the brass nose cone, which is at the same potential as the 

flowtube. electrons that diffuse into the aperture-anode gap are 

accelerated and focused into a beam suitable for transport to an energy 

analyzer. The vacuum chamber that houses the extraction system and the 

energy analyzer is maintained at an ambiant pressure of 10~^ torr during 

flowtube operation. 

Significant field penetration from the extraction optics into the 

flowtube will cause Penning electrons liberated in different areas of 

the reaction region to fall through different potential differences, 

resulting in a distortion of the electron energy distributions. Several 



Fig. 10 

Electron Extraction System Used for Energy Analysis 
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steps were taken to limit such field penetration. The 2mm extraction 

aperture was covered with a 50 lpi mesh to terminate the field better. 

To decrease the magnitude of the field at the aperture, the distance 

between the extraction anode and aperture was increased relative to that 

employed in earlier polarization studies. 

Since .field penetration into the flowtube is minimal, only 

electrons that diffuse into the extraction anode-aperture gap are 

accelerated and focussed into the energy analyzer. The nature of the 

diffusion of the Penning electrons in the reaction region is essentially 

determined by the ratio of the Debye screening length to the radium of 

the flowtube. The Debye screening length is the characteristic 1/e 

distance an external electric field penetrates, at which point the 

magnitude of the external field is 37% of its initial value. The Debye 

19 screening length is given by: 

where Te is the temperature of the ejected electrons (T ^3ev) and Ne is 

the electron concentration. While the electron concentration has not 

can be made by equating the electron production and loss rates in the 

reaction region. The electron production rate is approximately given 

by: 

(15) 

been measured, estimates of it and thus of the Debye screening length 

e Prod, rate ijv^a* (16) 
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where is the average flow velocity (vo^7xl0*cn»/*ec) and q is the 

number of metastable atoms per cubic centimeter destroyed by the 

injection of a reactant species into the flowtnbe. This latter quantity 

can be estimated from Fig, 8, At 0.1 torr flowtube pressure and a 

typical source to detector distance of 35cm, q is approximately 

6xl07/cm*. Thus the electron production rate in the reaction region is 

approximately; 

The electron loss rate will of course depend on the rate that electrons 

diffuse to the walls of the flowtube. The electron loss rate is 

approximately given by: 

where N is the electron concentration in the reaction region and D is 

the coefficient of diffusion. Equating the loss and production rates 

and solving for N we have: 
c 

e Prod, rate & 3.3x10*-* electrons/sec. (17) 

4 
e Loss rate m fnaN D . 

o c (18) 

(19) 

and 

*T> “ 740 3qVa* 

4T D e 
(20) 
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If the Debye screening length is much larger than the radins of the 

flowtube» the charge carriers will diffuse to the walls independently of 

each other» freely. However» if the Debye screening length is small 

compared to the radius of the flowtube» ambipolar diffusion of the 

charge carriers will exist. In this case» the initial free diffusion of 

electrons results in a potential drop across the ionized gas that 

retards further free diffusion of the electrons and accelerates the 

diffusion of the ions. The net result is the diffusion of the electron 

and ion as a pair.^®*^* 

Without knowledge of the electron concentration in the reaction 

region» it is difficult to pick the appropriate diffusion coefficient. 

However» it is very doubtful that ambipolar diffusion conditions exist 

in the reaction region for the typical metastable atom densities 

employed in the energy analysis studies. If the electrons did diffuse 

ambipolarly» the diffusion time would be long enough for the electrons 

to undergo many collisions with the background gas» resulting in a 

distorted electron energy distribution. In an attempt to demonstrate 

that ambipolar diffusion does not characterize the diffusion in the 

reaction region» one can assume that ambipolar diffusion does exist in 

the reaction region» calculate NQ and kp based on this ambipolar 

diffusion coefficient and look for inconsistancies. The ambipolar 

Oft 
diffusion coefficient is given by: 

Te 
Da^(1+T^,D+ (21) 
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D8^120D+ (22) 

where T# and T+ are the respective temperatures of the electron and ion 

and D+ is the coefficient of free diffusion for the ion. For COj. this 

quantity con be calculated based on the mean free path of C0^+ in the He 

and is approximately 1.9xl0*cm*/sec at 0.1 torr flowtube pressure. From 

this Ne is approximately 6.8x10*/cm* and approximately 0.5cm. This 

value while smaller than the radius of the flowtube is certainly not 

much smaller. Even assuming the slow ambipolar diffusion, the electron 

concentration is not sufficient to produce a Debye screening length 

characteristic of ambipolar diffusion. 

2. Electron Energy Analysis 

As stated earlier. electrons diffusing into the extraction 

aperture-anode gap are accelerated by the 2-10 volt potential difference 

between the extraction anode and the flowtube. A consequence of these 

relatively low extraction voltages is the formation of a fairly diffuse 

electron beam. The beam is focused onto the entrance aperture of a 

retarding field (See Fig. 11) energy analyzer located approximately 1 

cm behind the extraction anode. This is essentially the same energy 

18 
analyzer used by Hodge although high transmission stainless steel 

grids (150 lpi) have replaced the apertured lenses in order to better 

define and terminate the fields in the energy analyzer and admit the 

diffuse electron beam. Electrons with enough energy to overcome the 



30 

Fig. 11 

Energy Analyzer 
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retarding field reach the channeltron in the rear of the energy analyzer 

and are detected. A digital ramp floating at the flowtube potential 

(negative with respect to the extraction anode), ramps the retarding 

grid of the energy analyzer from the flowtube potential to some preset 

retarding potential in 0.05 volt steps. The typical dwell time at each 

step is approximately 1 second. 

At any particular energy step E. a 50 mv ac component is 

superimposed on the retarding potential. The number of electrons that 

reach the channeltron with energies between E-50mev and E+50mev will 

vary at the same frequency as the ac component of the retarding 

potential. A phase sensitive detector is used to 'lock in' on this 

dN JN 
component, measuring directly. The data are displayed as vs 

E on an X-Y recorder. Although the resolution of this energy analyzer 

has not been measured, as estimate can be made by comparing the FWHM of 

the 2*P^ peak in the electron energy distribution measured from the P.I. 

4 
of argon by this energy analyzer with that measured by E. Hot op et al. 

For potential differences between the flowtube and the extraction anode 

of 1-20 volts, the measured FWHM of the 2‘P. feature from argon is 

approximately 0.6 volt (See Fig. 12). whereas Hotop et. al. measure a 

FWHM of 0.1 volt using an energy analyzer with a resolution of 32 mev. 

Thus the resolution of the present energy analyzer is approximately 0.5 

ev. It should be noted here that the fact that the FWHM of the measured 

2*P; peak from argon does not increase with increasing extractor 

potential indicates that the field from the extraction optics does not 

penetrate significantly into the flowtube. 
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Fig. 12 

P* PEED Feature of Argon for Various Extraction Voltages % 
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3. TDF Mass Spectroscopy 

The energy analyzer just described vas also used as a time of 

flight mass spectrometer to identify the ionic species produced in the 

P.I. process. With all transmission grids in the energy analyzer 

grounded, the flowtube is pulsed 10 volts positive with respect to the 

extractor anode for approximately 4ps. At the same time, a time 

sequenced 20 channel MCA is started. Ions that diffuse into the 

extraction aperture-anode gap are accelerated, acquiring an average 

kinetic energy of lOev. For a particular ionic species, the time of 

flight from the extraction aperture to the channeltron will be 

proportional to the square root of the mass of the ion. Thus, at the 

end of the flight path, ions of different mass will be spatially 

separated. A multichannel analyzer vas used to determine the arrival 

time distribution of the Penning ions at the channeltron. Typical time 

vindovs used range from 0.8ps to 2.Ops. Since the flight length is 

somewhat short (<10cm), resolution of the present mass spectroscopy 

system is not very high. It is, hovever, more than adequate for 

distinguishing betveen atomic and molecular ions as for Rb+ and Rb^*. 
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D. Electron Spin Analysis 

1. Electron Extraction and Transport 

The requirement that field penetration into the flowtube from the 

extraction optics he minimal is not important for the extraction of 

electrons from the reaction region for spin analysis. Consequently, the 

bias voltage between the flowtube and the extraction anode can be 

increased to approximately 400 volts in an attempt to collect as many 

electrons as possible and obtain a better focused beam. Additional 

electron lens elements and steering plates are added to the simple 

extraction system used in energy analysis (See Fig. 13) to form an 

electronr*transport system capable of transporting electrons from the 

reaction system to the Uott scattering spin polarimeter. The addition 

of the electron-transport system requires the removal of the energy 

analyzer from the electron beam line. 

2. Mott Scattering Spin Analysis 

The technique of Mott scattering to determine the spin polarization 

23 
of an electron beam has been discussed by McCusker. Briefly, electrons 

extracted from the reaction region are transported to the Mott 

scattering polarimeter (See Fig. 14) where they are accelerated to 60 

Kev. A small azimuthal asymmetry produced by the spin orbit coupling in 

the elastic scsttering of electrons from gold nuclei in a thin gold foil 

at a scattering angle 6 ” 120°, determines the spin polarization of the 
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Fig. 13 

Electron Extraction System Used for Spin Analysis 
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Fig. 14 

Mott Scattering Polarimeter 
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right detectors, then the electron spin polarization, Pe, will be: 

where S(6) is the asymmetry fonction. S(6) has been measnred by 8 * 

Systematic instrnmental asymmetries are removed by reversing the 

direction of the electron polarization in the beam. This is easily done 

by changing the sense of circular polarization of the optical pumping 

radiation. The true polarization is then given by equation 23 with X 

now defined as: 

the prime indicating the reversal of the sense of the circularly 

(23) 

120° at 60 kev and is equal to 0.24. 

(24) 

polarized pumping radiation* 
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III. DISCUSSION REACTIONS THE PENNING IONIZATION 

A. Introduction 

The Penning Ionization reaction (sometimes referred to as 'normal' 

P.I.): 

A*+B —> A+B++e(s) (25) 

and the related reaction, Associative Penning Ionization: 

A*+B —> AB++e(e) (26) 

where A* is a metastable atom whose excitation energy E#(A) is greater 

than the lowest ionization potential of particle B, fall into a large 

class of physical processes which are characterized by a discrete 

o 
electronic state coupled to a continuum of final states. Quantum 

mechanically, it is the coupling of the discrete state to the continuum 

of states that is responsible for the irreversible nature of the 

transition and the finite lifetime of the discrete state. * In the case 

of P.I. (referring to both exit channels), the approach of the 

metastable atom to particle B is 9 slow*, allowing the interaction 

between the metastable atom and particle B to be considered the 

formation of a quasimolecule or reaction complex, (AB)*, Since the 

electronic excitation energy of this discrete state exceeds the 

ionization limit of (A+B)+, the quasimolecule will be in an autoionizing 
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state and must decay into the electronic continuum denoted as (AB) + + 

e(e). The coupling that connects the electronically discrete state of 

the quasimolecule» (AB)*, to the continuum of states» (AB)+ + e(e)» 

results from a perturbation in the Hamiltonian by the electrostatic 

forces between electrons. In this sense P.I. is very closely related 

to autoionization. In fact» the discrete state of the quasimolecule 

formed during the collision with particle B is in an autoionization 

state regardless of the internuclear distance R» but the natural 

width r?» (units of energy) associated with the decay of the discrete 

state into the continuum decreases rapidly with increasing internuclear 

distance. This is an example of Fermi's 'Golden Rule ' as the 

internuclear distance increases» the coupling between the discrete state 

and the continuum vanishes and r?*> —> 0. The similarity between 

25 
autoionization and P.I. has prompted at least one investigator to 

refer to the latter as collisional autoionization. 

Penning Ionization is an efficient process at thermal energies. If 

the collision energy is small» that is» if the electronic energy 

necessary to ionize the qnasimolecule cannot be gained from the 

collision energy» the Born-Oppenheimer approximation may be applied. In 

this approximation» the electronic and nuclear motion are effectively 

uncoupled. The electronic wave functions can be calculated at each 

internuclear distance as if the nuclei were fixed in space. The 

electrons are said to follow the nuclei 'adiabatically*the 

electronic wave functions adjusting instantaneously to the motion of the 

nuclei. An immediate consequence of the Born-Oppenheimer approximation 

is the definition of adiabatic potential curves for the different 
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electronic states of the collisional system. The process of ionization 

is fast and therefore represented by a vertical transition from the 

adiabatic potential representing the electronically discrete state of 

the quasimoleeule, V#(R), to the electronic continuum curve, V+(R). 

So far, no restriction has been placed on particle B. Due to 

complications that some target species pose for P.I. theory, the 

present discussion will be limited to 'simple' Penning Ionization. 

'Simple' here means that in addition to the requirement that A* be a 

metastable atom with E#(A) > I.P. (B), particle B is required to be an 

atom. Furthermore, there can be no diabatic transitions from the 

adiabatic potential curves V#(R) and V+(R) to other potential curves. 

That is, only target species that result in well isolated entrance and 

exit channels will be considered here. Complications posed by complex 

target species will be discussed later. 

B. Potential Curve Model for 'Simple* Penning Ionization 

The best model to illustrate the process of Penning Ionization is 

27 the potential curve model (See Fig. 15). This model was developed 

and applied prior to the theoretical formulation of P.I. * As stated 

earlier, in the Born-Oppenheimer approximation, P.I. is a vertical, 

Frank-Condon type transition from V^R) to V+(R). The potential curves 

Vf(R) and V+(R) as well as the natural width f"tt) may be determined by 
g 

fairly standard but non^trivial electronic structure calculations* It 

is assumed that these quantities are known ab initio* 
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Fig, 15 

Potential Curve Model Showing the Difference Potential, 

the Natural Width, and the Electron Energy Distribution. 

Reference 9 
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In a classical description of the Penning Ionization process, 

transitions resulting in the ejection of an electron with kinetic energy 

e can occur at an internuclear distance Ri if the vertical energy 

difference between V (Ri) and V (Ri) is equal to s: (See Fig. 15) 

e«V*(Ri)-V+(Ri), Ri=Ri(e)« 

This is, of course, only true if the nuclear motion is completely 

decoupled from the electronic motion, a consequence of the 

Born-Oppenheimer approximation. Within this approximation, it must also 

o 
be true that: 

Ek(Ri)-Ek,(Ri), 1-1» (28) 

which states that the instantaneous kinetic energy and orbital momentum 

of the reaction complex in its upper (unprimed) and lower (primed) state 

are equal at the moment of transition from the upper to the lower state. 

Quantum mechanically, equations 27 and 28 do not hold for all Ri since 

the transition probability per unit time, W(R) - f(R)/ *, decreases 

rapidly with increasing nuclear distance. The majority of transitions 

occur at small internuclear separations where the classical equations 27 

and 28 do hold.^ 

The potential curve model is particularly well suited for the 

analysis of Penning electron energy distributions (PEED) of 'simple' 

o 
target species. If the energy conservation principle is considered: 
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Eo - V^ooî+E^Oo) « V+tooJ+Ej^ (oo)+e (29) 

tiro conditions become apparent for metastable-target cotisions 

Ek,(«o) > 0 if (e-V*(oo)+V+(oo)) < Ek(<*> ) (30) 

Ek,(oQ) < 0 if (8-V,(«>)+V+(00)) > Ek(oo) (31) 

The first condition (Eq. 30) corresponds to 'normal9 Pmi. The second 

(Eq. 31) corresponds to Associative P.I. From this, the ratio of 

'normal' P*I. to Associative P.I* will simply be the ratio of the 

areas under the Penning electron energy distribution for which 

conditions (30) and (31) hold. Furthermore, as seen in Fig* 15, the 

width of P(e) reflects the variation of the difference potential, 

V^(R) - V+(R), within the range of distances accessible in the 

o * 
collision* Because under normal conditions, A will be larger than A, 

and B will be larger than B+, V*(R) will have a minimum and its 

repulsive wall at larger internuclear distances than V+(R). 

Consequently, AV(R) will have a minimum at approximately the same 

internuclear distance as V#(R). A minimum in AV(R) shows up in 

o 
measurements of P(s) as a low energy 'edge' (e^ in Fig 15) whose 

position with respect to the asymptotic energy difference between V*(R) 

and V+(R) (eQ in Fig* 15) yields a measurement of the well depth of 

V#(R), Thus, wide distributions of ejected electron energies correspond 

to strongly interacting metastable-target systems, narrow distributions 
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to weakly interacting collision partners. Finally» since the repulsive 

wall of V,(R) occurs at larger internuclear separations than the 

repulsive wall of V+(R), the value of V+(R) at the internuclear 

separation corresponding to the repulsive wall of V#(R) will he related 

to the maximum energy of ejected electrons, (s in Fig. 15) 
HEX 

C. Discussion of the Penning Ionization of Complex Targets 

While P.I. theory has proved to he quite successful at predicting 

electron distributions for 'simple' reactant species» this is certainly 

not the case for all reactant species. In particular» atomic and 

molecular reactant species whose upper and lower adiabatic potential 

curves» V#(R) and V+(R), are not well isolated from other adiabatic 

potential curves» V'4l(R) and V'+(R), can undergo diabatic transitions to 

these curves at 'avoided crossings'. Such diabatic transitions result 

from the finite relative velocity between colliding particles. If the 

relative velocity between colliding particles is infinitessimal» no such 

transitions would take place. However» as the relative velocity 

increases» so does the probability of diabatic transition» approaching 

unity for increasing collisional energy. Depending on the particular 

reactant and metastable species participating in the collision» diabatic 

transitions between adiabatic potential curves can be important even at 

thermal velocities. In general» an 'avoided crossing' can exist between 

two potential curves V*(R) and V'*(R) if the energy difference between 

the two is on the order of thermal energies. Usually this is only true 

at large internuclear separations because the energy difference between 
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the two curves tends to increase for small R. However, if V#(R) is 

strongly attractive, the instantaneous kinetic energy of the colliding 

particles, E^(R), will increase sufficiently to allow diabatic 

transitions from V#(R) to Vf
#(R) to occur at small internuclear 

9 
distances. 

For atomic target species, diabatic transitions from the entrance 

channel, V#(R), can occur via excitation transfer: 

A*+B —> À+B** (32) 

where B** is an autoionizing state of reactant B. This process 

generally occurs at large internuclear distances where the asymptotic 

, energy difference between V#(R) and V'*(R), which describes the (A-B**) 

Q 
system, can be very close (See Fig 16). While the autoionizing state 

B** can decay to the ground state of B radiatively, the probability that 

the state decays with the ejection of an electron into the ground state 

+ 29 
of B is much greater by several orders of magnitude. Given the 

accessibility of transitions to autoionizing states, the resulting 

electron energy distribution will contain contributions from P.I. and 

Atomic Autoionization (A.A.I.)? 

A*+B —> (A*-B) —> A+B++e(e) (33) 

—> (A*-B) —> A+B** (34) 

B** —> B++e(e') . (35) 
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Fig, 16 

Potential Curve Model Showing the Different Electron 

Energy Distributions Expected from P.I, and Autoionization 

Reference 30 
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There are distinct differences in the energy distributions of electrons 

ejected in P.I. and A.A.I. Recall that the energy of an electron 

ejected in P.I. is given by: 

e«V*(Ri)-V+(Ri) . (36) 

The energy of an electron ejected in the A.A.I, of reactant B is: 9 

«
,,B

E**(B)-I.P. (B) (37) 

where E,*(B) is the excitation energy of antoionizing state B** and 

I.P.(B) the lowest ionization potential of reactant B. Furthermore, 

because the ground state of the projectile particle, (He(l*So) in this 

study) is a very weakly interacting particle, the potential curve 

V^(He(l1So) — B**) is expected to be nearly flat,^® resulting in a 

narrower P(s) than that produced by P.I. (See Fig. Id). While in 

principle these differences may form the basis for discerning the 

relative strengths of the two competing processes, in practice this is 

usually not possible. If Vj(R) is not flat or if there are many closely 

spaced antoionizing states, the P(s') associated with A.A.I. of 

reactant B will broaden and possibly become indistinguishable from the 

P(e) associated with P.I. 

As noted earlier, there has been no general extension of 

P.I. theory to molecular targets. While some of the qualitative aspects 

of the potential curve model have been successfully applied to molecular 
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targets,**'*® it has been without complete theoretical justification. 

For molecular target species, the potential curves V#(R) and V+(R) as 

well as the natural width r?R), for transitions from V,(R) to V+(R) 

depend on the relative orientation of the molecular target to the 

approaching metastable atom. In addition to the multiplicity of 

entrance channels that result from this orientation dependence, there is 

the possibility of vibrational and rotational transitions in the 

31 ionization process. There are also competing processes'* such as; 

Dissociative Ionization» 

A*+XY —> A+X+Y*+e(e) (38) 

and Rearrangement Ionization» 

A*+XY —> AX+Y++e(e) (39) 

that will contribute to the measured electron energy distributions. 

Of course, just as for poorly isolated atomic target species, 

diabatic transitions to potential curves V£(R), representing the system 

(A-XY**), can occur if the energy difference between V#(R) and V^(R) is 

not too large. Indeed, the excitation transfer reaction resulting in 

the autoionization of the molecular target: 

A*+XY —> A+XY** (40) 

XI** —> XY++e(e) (41) 
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Q 
is more likely to occur than for atomic targets. Since excited states 

of molecules are usually more closely spaced than for atoms, there is 

greater likelihood of 'avoided crossings' at large internuclear 

separations for molecular targets than for atomic target species. 

Although in principle the differences in the electron energy 

distributions one vould expect from P.I. and molecular autoionization 

could form a basis for discerning their relative contributions to the 

measured P(e), the many other broadening effects make this very 

difficult in practice. 

Tet another complication to P.I. theory and the analysis of 

electron energy distributions is possible for target species that form 

stable negative ions. For such targets, there may occur diabatic 

transitions from entrance channels that are covalent in nature to 

entrance channels that are ionic in nature:^***® 

A*+X2 —> [A+-X2] (42) 

The measured electron energy distribution, P(s), will include electrons 

ejected in the P.I* out of the covalent or direct channel and those 

ejected in the ionization processes that occur out of the ionic entrance 

channel : 

A*+X2 —> A + X* 
+ ®<8> (43) 

—> [A+-x"] —> A + X* +e(e) (44) 
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 >[A+-X~] —> A + X*" 

X** —> X+ + e(e') 

(45) 

(46) 

(47) 

X** —> X+ + e(s') (48) 

In general, there is no way of separating these competing processes from 

measurements of P(e). 
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A. Electron Energy Distribution Measurements 

The electron energy distributions resulting from the P. I. of 

several different reactants by He(2*S() metastable atoms have been 

measured. Several of these reactants (N^O, COj. Ar) have well known 

A 
Penning electron energy distributions (PEEDs) and were primarily used 

to calibrate the energy analyzer* Recall that the 2*P^ feature in the 

PEED of Âr vas used to demonstrate the lack of extractor field 

penetration into the reaction region and to estimate the resolution of 

the energy analyzer (££ 0*5ev) * This feature vas also used as a source 

of known energy ( 4.2ev) electrons, providing a calibration point for 

the energy axis (x-axis) in measurements of P(s). 

In order to ensure that the energy axis in P(e) measurements vas 

scaled linearly, known and measured energy differences between well 

resolved features in the PEEDS of NjO and (X>2 were compared* Shown in 

Fig* 17 is the measured PEED of N^O. Note that the measured energy 

difference between the A*£. state and the XaTTfeature is approximately 

4 
3.57 volts. This value agrees quite well with Hotop et al.'s 

measurement of 3.44 volts. The broad low energy feature in Fig. 17 has 

been attributed to the g TT state of N^O • Shown in Fig. 18 is the 

measured PEED of CO^. Again, the agreement between known energy 

separations and measured separations is quite good. The measured energy 

difference between the CaZg feature and the Ba£.H feature is 1.28 

4 
volts whereas Hotop et al. measure 1.31 volts. The high energy 

shoulder on the Ba ^Z.14 state has been attributed to the AaTT«t state of 
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EJECTED ELECTRON ENERGY (eV) 

Fig. 17 

PEED Measurement of N20 ^ 

The energy difference between the X TT state and the A X state of 

N20+ compares quite well with Hotop et alls4 measurement of 3.44 ev 
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Fig. 18 

PEED Measurement of C02 

The energy differences between well resolved features compare 

quite well with Hotop et alîs^ measurements (indicated in 

parenthesis ). 



54 

CO*. In general, the branching ratios to the varions ionic state in the 

P.I. of N^O and CO2 agree qualitatively with spectra measured by Eotop 

et al. This indicates that the electron extraction efficiency is not 

dependent on the ejected electron energy. 

The calibration of the time of flight (TOF) mass spectrometer was 

accomplished in a similar manner. In Figs. 19 and 20 are the respective 

TOF distributions of ions produced in the P.I. of Ar and a mixture 

reactant composed of approximately half 0^ and half 

distribution (Fig. 20), the two features due to 0^* and NjO* are well 

resolved. It should be noted here that in this measurement, there is 

little evidence for the presence of NO* or 0*. These two ions would be 

produced in the Dissociative Ionization process: 

He* + N20 —> He + N0+ + N + e(e) (49) 

He* + 02 —> He + 0 + 0 + e(e) . (50) 

If present, these ions should have respective times of flight of 

approximately 15|is and lips. 

Following the calibration of the energy analyzer and TOF mass 

spectrometer, the PEED of Rubidium was measured. Rubidium was chosen as 

a reactant because its many low lying closely spaced doublet autionizing 

states, Rb(4ps5sn'l) are expected to cross the* £Potent*al of the 

He(2*S )- Rb(5*Sy^) system. Thus, Rb is a good candidate for an 

investigation into the role of excitation transfer in the P.I. process. 

Such diabatic transitions are expected to make significant contribution 

N-O. In this latter 
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to the measured PEED of Rb. 

Because Rb is a solid at room temperature, an oven vas used to heat 

and inject Rb into the reaction region. The flow rate of Rb into the 

flowtube is determined by the oven temperature which was typically 

300°C. Shown in Fig. 21 are a series of measurements of P(s) resulting 

from the P.I. of Rb at various oven temperatures. Note that as the Rb 

vapor pressure is increased in the reaction region, the low energy 

feature becomes a larger fraction of the total ionization. This 

behavior was first attributed to the P.I. of Rb^ whose production is 

known to increase at higher oven temperatures (See Fig. 22). However, 

in mass analysis studies of ions produced in the P.I. of Rb at oven 

temperatures known to produce this low energy feature, no evidence of 

Rb'1' was found. Shown in Fig. 23 is the TOF distribution of ions 

produced in the P.I. of Rb. If Rb+ were produced it should have a time 

of flight of approximately 29|is. 

At even higher oven temperatures (350°C), a third feature appears 

(See Fig. 24). Because of the nearly constant energy spacing between 

these 3 features (~1.6 ev), it is now believed that the two low energy 

features are the result of inelastic Penning electron collisions with 

ground state Rb (5aSj. ): 
z 

He* + Rb(5*Sy^) —> He + Rb+(4aSo) + e(15,4ev) (51) 

e(15.4ev) + Rb(5aSy^) —> e(13.9ev) + Rb(5aPVi) (52) 

The high energy shoulder on the Rb* (4*So) feature can be attributed to 
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oven temperatures 



59 

Fig. 22 

Rb and Rbg Vapor Pressure v.s. Temperature 

Reference 32 
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EJECTED ELECTRON ENERGY (eV) 

Fig. 24 

PEED Measurement of Rb at an Oven Temperature of 350*C 

Clearly shown are three major features, each feature 

seperated from the next by approximately 1.6 ev. 
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P.I. of Rb(5aS^. ) by He(21So) metastable atoms (20.6 ev). Hie energy 

separation between the Rb+(4xSo) state and the high energy shoulder is 

approximately 0*77ev which is very nearly the energy difference between 

the singlet and triplet metastables (0*8 ev) • 

At this point* it remains uncertain to what extent autoionizing 

states of Rb contribute to measurements of the electron energy 

distributions* In part this is due to the rather large resolution of 

the present energy analyzer* Attempts to measure the spin conservation 

of Rb* thereby gaining knowledge about the relative strength of the 

excitation transfer process* were made* These efforts were 

discontinued* however* when Rb vapor managed to block the extraction 

aperture* 1 

B* Spin Angular Momemturn Conservation Measurements 

Recently* several investigations* notably V* Kischlat*® et al** 

0* Leisin et al** and J* M. Alvanino et al** have studied the P*I* of 

(>2 and through measurements of ejected electron energy distributions 

on through mass analysis of ions produced in the P*I* reaction* These 

authors have come to the conclusion that a significant fraction of the 

total ionizaton that results in alow collisions of He(2*S) metastable 

atoms with Clj* Oj is due to entrance channels other than the covalent 

or direct entrance channel: 

He* + 02 —> He + 02 + e(e) (53) 
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He* + Cl2 —> He + Cl2 + e(s). (54) 

The consensus among these investigators is that two additional processes 

account for the measured PEEDs of Oj and C^* These two processes are: 

1) Excitation transfer into Cl^**, 0^** followed hy: molecular 

aut oi oniz a ti on, 

o** —> 02 + e(e') (55) 

or dissociation followed by atomic autoionization, 

Cl2** —> Cl + Cl** (56) 

Cl** —> Cl+ + e(e'). (57) 

2) Diabatic transitions at avoided crossings out of the covalent 

entrance channel into ionic entrance channels: 

He(2*S ) + 02(*2.3) —> [He+(1*S) + 02(*Ug)] — > He + 02 + e(e) (58) 

He(2*s ) + Cl2(*) —> [He+(1*> + Cl2(*tt)l — > He + Cl2 + e(e) (59) 

Because the ionic potential curves (See Fig. 25) are strongly 

attractive, excitation transfer at small internuclear separations is 
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Fig. 25 

Ionic and Covalent Potential Curves for the He* + System 

Reference 5 
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much more likely to occur out of the ionic entrance channel than out of 

the covalent entrance channel. Indeed. W. Kischlat and H. Morgner*® 

claim that ionization out of the ionic entrance channel can be 

understood to be caused by the same reaction mechanism as 

autoionization: 

He* + Cl2 —> [He+-Cl2] —> He + Cl** . (60) 

The existence of ionic entrance channels and the possibility of 

excitation transfer make 02 and Cl2 intrinsically interesting subjects 

for P.I. studies. However, as shown in Figs.. 26 and 27. the processes 

that make these two reactants interesting results in PEEDs that are 

difficult to analyze. The relative strengths of competing processes can 

only be estimated due to the overlap of these processes in P(e) 

measurements. For 02, P.I. out of the covalent entrance (darkened area 

in Fig. 26) represents approximately 30% of the total ionization 

counted. In the case of Clj, P.I. out of the covalent entrance channel 

(darkened area in Fig. 27) accounts for only about 10% of the total 

ionization counted. 

Consider the P.I. of 02 by spin 'up' oriented He(2*S) metastable 

atoms. Adopting the model used by Leisin et al..^ neutralization of the 

ionic complex must be accompanied by the transfer of a 'down' electron 

to the Is level of helium. Whether this occurs out of the singlet or 

triplet state of the quasimolecule (the quintet state does not interact 

with the ionic potential), the end result will be to leave the 

autoionizing state of 02 with a pair of electrons (one 'up,' one 
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FIG.26 PEED of OQ 

Reference 5 
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ELECTRON ENERGY (ev) 

FIG.27 PEED of CIQ 
Reference 10 
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'down'). Assuming that the probability of ejection of these two 

electrons is equal, no spin conservation is expected ont of the ionic 

channel. On the basis of the measured PEED of 02 and the estimate of 

the relative strength of P.I. ont of the covalent entrance channel. 

02 is expected to be 30% spin conserving. In the case of Clj, 

neutralization of the ionic complex leaves Cl2 with 1 pair of electrons 

and two 'np' electrons in its outermost shell. Again assuming that each 

of these four electrons has an équiprobable chance of being ejected, 

ionization of Cl2 out of the ionic channel should then be 50% conserving 

of spin angular momentum. Since the covalent entrance channel accounts 

for an estimated 10% of the total ionization. &2 is expected to be 

approximately 55% spin angular momentum conserving. 

Shown in Fig. 28 are the data from polarization measurements of 

electrons ejected in the P.I. of Oj, Cl2 and C02 by spin oriented 

He(2*S) metastable atoms. These polarization measurements have been 

corrected for spin exchange: 

ef + X — > e* + X (61) 

where X is the Penning reactant under study. CC>2 serves as a 

calibration reactant since it is known to be strictly spin conserving. 

At low reactant flow rates, the polarizations measured are primarily due 

to surface ejected electrons from the extraction aperture. As flow is 

increased, both the 02 and Cl2 data show significant drops in 

polarization. For (>2, a final polarization between 8% and 9% is 

obtained. That is, electrons ejected showed only 25%-30% spin 
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REACTANT GAS FLOW RATE (orb. units) 

Fig. 28 

Polarization of electrons ejected in the P.I. of CC^, 

Cl2» and 02 v.s. Reactant Flow Rate 
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conservation. This is in excellent agreement with the 30% conservation 

anticipated from PEED data. In the case of Cl^, the polarization of 

electrons extracted drops to approximately 23%. Since the calibration 

gas (CO2) produced polarizations of 31%» Clj is approximately 74% spin 

conserving. Recall tbat on the basis of PEED measurements of Clj, spin 

conservation vas expected to be 55%. This difference can easily be 

accounted for by possible errors made in estimating the strength of the 

covalent channel from PEED measurements. 
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V. CONCLUSION 

In review of the work presented in this thesis» two basic 

conclusions can be made. First» it has been established that electrons 

ejected in Penning Ionization reactions can be extracted from the 

flowing helium afterglow without distortion of their characteristic 

energies. Thus» Penning electron energy distribution studies are 

possible in the Flowing Afterglow. Second and finally» the usefulness 

of spin conservation measurements in determining the relative strengths 

of spin conserving and spin erasing entrance channels to the Penning 

process has been demonstrated if not fully exploited. 



72 

REFERENCES 

1) F. H. Penning Naturwissenschafter 15,818,(1927) 

2) V. Cermak J. Chem Phys 44,3781,(1966) 

3) T. Ebding and A. Niehans Z. Physik 270,43,(1974) 

4) H. Hotop, E. Eolb, and J. Lorensen 

J. Elect. Spect. 0 Relat. Phenom. 16,213,(1979) 

5) O. Leisin, H. Horgner, and V. Mnller 

Z. Phys. A 304,23,(1982) 

6) V. W. Robertson J. Chem. Phys. 44,2456,(1966) 

7) H. Nakamura 7. Phys. Soc. Jap. 26,1473,(1969) 

8) W. H. Hiller J. Chem. Phys. 52,3563,(1970) 

9) A. Niehans Adv. Chem. Phys. 45,399,(1981) 

10) W. Eischlat and H. Horgner Z. Phys. A 312,305,(1983) 

11) L. 6. Gray, E. W. Giberson, Chu Cheng, R. S. Eeiffer 

F. B. Dunning and G. E. Valters 

Rev. Sci. Instrum. 54,271,(1983) 

12) A. Corney, Atomic and Laser Spectroscopy (Oxford 

Univ. Press, New York), P. 307, 1977. 

13) G. Hertzberg, Atomic Spectra and Atomic Structure (Dover 

Publications, New York), 1944, pg 65. 

14) P. J. Eeliher, Dissertation, Rice University, 1974 (unpubl.) 

15) E. E. Ferguson, F. C. Fehsenfeld, and A. L. Schmeltekopf 

Advances in Atomic and Holecular Physics 

Ed. D. R. Bates (Academic Press, New York), 

Vol. 5, 1969 



73 

16) S. Dushman, Scientific Foundation» of Vacnmn Technique 

Ed. J. M. Lnfferty (John Wiley 0 Sons, New York) 

p. 84, 85, 1962. 

17) L. D. Landan and E. M. Lifshite, Fluid Mechanics 

(Pergamon Press, New York), pg. 218, 1978. 

18) L. A. Hodge, Masters Thesis, Rice University, 1977 (unpubl.) 

19) S. R. Seshadri, Fondamentals of Plasma Physics 

(American Elsevier Pub. Co., New Tork), p. 1, 1973. 

20) L. B. Loeb, Basic Processes of Gaseous Electronics, 

(Univ. of Calif. Press, Los Angeles), p. 332, 1961. 

21) L. G. H. Huxley, R. W. Crompton, Diffusion and Drift 

of Electrons in Gases (John Wiley 0 Sons, New Tork) 

p. 640-642, 1974. 

22) J. A. Simpson Rev. Sci. Instrum. 32,1283,(1961) 

23) M. V. McCusker, Dissertation, Rice University, 1969 (unpubl.) 

24) C. Cohen-Tannoudj i, B. Diu and F. Laide 

Quantum Mechanics (John Wiley 0 Sons, New Tork) 

Vol. 2, p. 1419, 1977. 

25) B. M. Smirnov Sov. Phys. Usp. 24,251,(1981) 

26) H. Hotop Rad. and Research 59,379,(1974) 

27) A. Niehaus Ber. Bunsenges. Phys. Chemie. 77,632,(1973) 

28) G. Hertzberg, Molecular Spectra and Molecular Structure 

(Van Nostrand Reinhold, New Tork), P. 295, 1950 

29) B. H. Bransden, Atomic Collision Theory 

(Benjamin/Cummings, Ontario), P. 307, 1983. 

30) G. K. Walters and F. B. Dunning, Proposal to NSF, 



74 

'New Spin — and - energy resolved electron- 

spectroscopies in studies of P. I., Electron 

exchange and small metal clusters,' April 1, 1984. 

31) P. J. Eeliher, F. B. Dunning, H. R. O'Neill, R. D. Rundell, 

and 6. E. Valters Phys Rev A 11,1271,(1975) 

32) R. H. Hill, Jr., Dissertation, Texas A0M University, 

1979 (unpubl.) 

33) J. M. Alvarino, C. Hepp, M. Ereiensen, B. Standenmayer, 

F. Veechioeutti, and V. Eempter 

J. Chem Phys 80,755,(1984) 


